The change in the wetting behavior of a standard commercially available textile material in response to surface treatment has been thoroughly characterized with conventional laboratory measurement techniques. The characterization was carried out by taking a series of contact angle measurements that allowed for the determination of the corresponding shift in substrate surface energy as a result of the applied treatment. The collected surface energy values were expressed in terms of the spreading parameter S, which was used to describe phase behavior at the substrate/droplet interface. However, these results showed that the use of a coarse parameter S, or even the work of adhesion (W a ) and the work of cohesion (W c ) parameters alone did not adequately account for the observed wetting behavior. A proper description of droplet formation on substrate surface was provided only when the interfacial interaction was examined at a more detailed level by involving the individual dispersive (σ d l , σ d s ) and polar (σ p l , σ p s ) surface energy components of both the solid and the wetting liquid. The methodology for characterization of interactions between a textile substrate coated with various surface active agents and several functional fluids have been developed. Several practical examples of how this methodology can be applied to describe the substrate surface treatment and the resulting wetting behavior are described herein.
Introduction
Technical textiles have a wide range of applications in many areas in which they are called upon to exhibit a wide variety of properties [1] . These may include but are not limited to the mechanical resistance, chemical resilience, water-, air-, vapor permeability and others. The ever growing range of application brings with it new challenges that often includes antibacterial, antinfungal or in certain applications, such unusual characteristics as well controlled electrostatic behavior [2, 3] . The textile wetting behavior describes their ability to enable or prevent the extent of wetting or coverage of their surface by the fluid of interest. Many of these behavioral properties can be effectively, albeit somewhat surprisingly, characterized by measuring the textile wetting behavior. Interestingly enough, the wetting behavior itself can be effectively and relatively easily fine tuned over a broad range of values. Once a proper and well defined relationship between the wetting characteristics and desirable property of interest has been established, that property itself can be adjusted to a required value by following the imparted changes in the wetting behavior. For example, hydrophobicity can be enhanced beyond the natural value or alternatively reduced as required.
Because these textiles can often find their way to a wide variety of applications representing a broad range of operating conditions, it is of interest to extend their range of applicability as much as possible [4] . Moreover, should such an extension be prone to being readily realizable though a relatively facile and effective surface treatment method, it would make the chosen textile much more attractive owing to its extended applicability.
Before any surface treatment can be selected, it must be subjected to an exacting evaluation of its properties to ascertain that it can withstand the rigors of the operating environment and the native of the application. These requirements may include but not be limited to toxicity, biodegradability, chemical compatibility with the surrounding environment, as well as, and if required, thermal and temporal stability [5] . It was not our intent in the present investigation to focus on any specific application, but to establish a proven methodology for the evaluation of the changes in the textile wetting behavior resulting from utilization of a selected surface active agent.
Because this was our first foray into surface treatment, we have decided to limit our initial investigations to a standard, commercially available glass fibre industrial material for simplicity. The main purpose was to achieve sufficient experiments with different coatings and coating processes in order to fully characterize the resulting changes in textile functional behavior. Our intent was to develop further understanding of the available analytical methods and the results obtained therefrom to property gauge the effectiveness to the treatment as applicable to the current investigations. Prior to pursuing the broader experimental program, it was necessary to confirm that the results obtained from these preliminary evaluations were sufficiently self explanatory and self consistent to allow their general utilization across the entire matrix of the investigated coatings. The main aim was to develop a methodology suitable for further discriminating characterization of surface treatments employed for applications to tune performance characteristics to allow the use of a select substrate or a relatively small number of substrates to cover as wide a range of applications as possible. Therein, we report several examples to describe how the surface of a simple substrate can be effectively modified to achieve a wide range of wetting behavior thereby broadening the range of applications for which the substrate could be deployed.
Materials and Methods
The wetting of a solid surface by a liquid, when both are surrounded by gas, can take generally different forms and depends on the relative energies of the two substances in contact. Lugscheider and Bobzin [6] described the possible wetting states from complete spreading of a liquid over the solid surface through the shape of a flat lens to an almost spherical droplet in the case of complete non wetting behavior [6] . The first mathematical relation of the wetting behavior and the equilibrium of forces at the three-phase contact line ( Figure 1a ) was made in 1805 by Young [7] cos
Here, cos θ Y represents the contact angle; σ s and σ l the surface tensions of the solid and liquid; σ sl the interfacial tension between the two. However, this relationship is only valid for smooth surfaces. This is because the contact angle can be strongly influenced by surface structure and surface chemical properties. In order to consider the influence of surface structure and compare different materials with different surfaces, suitable models were developed by Cassie-Baxter and Wenzel [8] [9] [10] [11] [12] . For example, the 'Wenzel state' (Figure 1b) describes the case of a liquid wetting the entire surface included with all its rough structures.
(a) (b) (c) Figure 1 . (a) three-phase contact line by Young [7] ; (b) 'Wenzel state' [13] ; (c) 'Cassie-Baxter state' [13] .
In the Wenzel model, the topographic property of the surface is accounted for the 'r' factor [14] :
This describes the ratio between the actual contact surface and the projected contact area between the droplet and the substrate (r ≥ 1). For a perfectly smooth surface, the ratio is r = 1 because cos θ W = cos θ Y . In contrast, when the liquid does not completely cover all surface features and air pockets form among them, the effective contact between the two phases is reduced to a minimum. This state is referred to as the Cassie-Baxter Model ( Figure 1c ) and is often found on hydrophobic surfaces. The contact angle is then defined by [13, 14] :
where φ S represents the ratio between the actual contact area and the projected contact area, respectively (φ S ≤ 1). Because the present work was carried out on textile samples of the same substrate, the surface roughness of all the samples was assumed to be the same. This assumption was further justified by the fact that the liquid droplet in the contact angle measurements was dimensioned to cover an appreciable area of the substrate surface and was born out by the experimental results [vide infra]. Fowkes wrote in his theoretical consideration of "Attractive Forces at Interfaces" that the total surface free energy (SFE) of a solid surface is the sum of the contributions from the various intermolecular forces at the surface. According to the Fowkes equation [15] , the surface tension of the respective phase can be divided into dispersive and polar components as follows:
Polar interactions at an interface between two liquids or a liquid and a solid result from dipole-dipole interaction, hydrogen bonding, Lewis acid/base interaction, or charge-transfer interaction. Dispersive interactions are due to the van der Waals forces [16] . After Fowkes [15] considered the dispersive and polar components, Owens and Wendt [17] extended the Young equation for contacting solid and liquid phases as follows [18] :
In order to be able to assess the wetting properties of liquids on textiles, the spreading tendency must be evaluated with a suitable parameter. For a mathematical prediction of the wetting behavior, the spreading parameter S can be used [6, 19] . S is the difference between the work of adhesion and the work of cohesion, respectively, where [15] :
When S > 0, the liquid spreads on the surface and when S < 0 the wetting is incomplete [6, 15] . The effect of various surface treatments determined by comparing the wetting behavior of a treated sample against the reference material. Samples of the same textile type were used in all experiments. The textile employed in the work consisted of a standard glass fiber non woven material with a well defined microfiber content. The surface treatment was carried out with five commercially available surface agents listed in Table 1 . The wetting behavior of five commercially available industrial oils (Table 2 ) on the treated samples was investigated to determine their response post treatment. Additionally, water (tap water) served as a representative of the highly polar liquids. The surface energies of all samples were derived from contact angle measurements. The measurements were carried out a Krüss GmbH model DSA 30 (Hamburg, Germany) contact angle measurement device. The contact angle measurements were carried out with the aid of measuring liquids selected on the basis of their polarity as well as their respective polar and dispersive surface energy components (Table 3 ). The range extended from complete non-polar (diiodo-methane) to highly polar (dist. water). The dispersive and polar surface energy components of the test fluids were determined from the contact angle measurements on the non polar surface (as shown in Figure 2a,b) and calculating from the combination of Young [7] and Owens/Wendt [17] equations. The total fluid surface tension was measured on a model KSV Sigma 702 tensiometer (Gothenburg, Sweden). The results showed good agreement with literature values and are listed in Table 3 . The same procedure was then employed for characterisation of surface tension properties of the functional fluids (Figure 3) . The density and kinematic viscosity of these fluids were also measured. These results are also displayed in Table 4 . The characterisation of the select substrates was carried out by measuring the standard textile properties before and after coating. The results are listed in Table 5 . 
Results

Experimental
The surface free energy (SFE) measurements of coated and uncoated textile substrates were carried out in two steps. The first step involved the contact angle measurements of test fluids on the substrate by the "sessile drop" method. However in cases where fast absorption of the test fluid into the textile sample took place, such as for highly hydrophilic surfaces, the sessile drop method was not applicable.
In these cases, the SFE was determined from the captive bubble measurements [21] . For measuring the SFE with the captive bubble method, diiodomethane and distilled water were used. The examples of these two procedures are displayed in Figures 4 and 5 , respectively. The values of the contact angle θ were then into a rearranged Owens, Wendt, Rabel and Kaelble (OWRK) equation [17, 19, 22] : The calculated SFE values with polar and dispersive components are listed in Table 6 and depicted graphically in Figure 6 . The sessile drop method was then applied to determine the wetting behavior of the coated and uncoated substrates by the functional fluids. The observed wetting behavior was then compared against the calculated spreading parameter S. The results are shown in Tables 7 and 8 , respectively. Table 6 . Measured contact angles and calculated surface energies and their components by the OWRK equation [17] . (*) measured by 'sessile drop method' | (**) measured by 'captive bubble method'. 
Discussion
Comparison of the results tabulated in Tables 7 and 8 reveals poor correlation in several cases. Specifically, for S > 0, a well formed droplet with a well defined contact angle should form on the substrate surface. In particular, the control sample, represented by the uncoated substrate (T 0 ), is well behaved and exhibits wetting behavior in accordance with the calculated values. In all cases, the calculated value of the spreading parameter S corresponds to the observed wetting behavior. Specifically, for all S > 0, spreading of the liquid over the substrate surface was observed. Conversely, when S < 0, a well shaped droplet on the substrate surface was formed. Moreover, a similarly well behaved trend was noted to occur for all the hydrophobically coated samples. Here, in all cases, S < 0 and in all cases a well formed droplet was found to settle on the substrate surface (Figures 7 and 8 ). In contrast, the hydrophilically coated substrate exhibited a highly irregular, erratic behavior. For example, the fluid droplets were observed to spread even for S < 0. This irregular behavior could in part be accounted for by the indirect way in which the spreading parameter is calculated. The effect of this erroneous calculation of the S parameter is best exemplified by the two hydrophilically coated substrates T C 1 and T C 3 . In both cases, the magnitudes of the work of adhesion (W a ; Figure 9 ) and the work of cohesion (W c ; Figure 10 ) lie relatively close together. Consequently, even the smallest deviations in contact angle measurement from which the W a , W c and in turn the S parameter is derived can translate into errors large enough to give an incorrect sign for the latter. In general, it can be said that, on textile surfaces such as these employed in this investigations, other effects such as surface roughness and sample to sample inhomogeneity contribute to the measurement in an irregular fashion, thereby affecting the outcome of the experiment and the magnitude of the calculated values. This is particularly striking in the case of the hydrophilic coatings because they change the surface energy of the substrate to the point where W a comes close to W c , thereby increasing the chances for errors in calculation. This is not the case with hydrophobic coatings where the differences between the W a and W c values are relatively large thereby reducing the errors inherent in the experiment as well as in the calculated results (compare values listed in Table 6 ). The overall behavior is best considered by looking at the individual contribution of the dispersive and polar components of both the substrate and the fluid instead of the gross "macro" factors such as S that tend to disguise the underlying tendencies. In this regard, whereas the W c is concerned only with the fluid behavior, the W a takes into account the interaction between the substrate and the fluid by including the interfacial tension. More importantly, the latter parameter examines the relationship between the substrate and fluid dispersive and polar surface tension components through the joint term:
This becomes particularly apparent by comparing the dispersive and polar components of both the fluid and the substrate listed in Tables 4 and 6 , respectively. The relationship between the dispersive and polar components can then be further exploited to rearrange the relative substrate/fluid behavior as shown in Figure 11 . Examination of Figure 11 shows that when the absolute difference between the ratios of dispersive and polar components (liquid/solid) is large, a non spreading (droplet forming) behavior will be observed. In contrast, when this difference is relatively small, < 2 as determined in the course of this investigation, a spreading behavior (no droplet formation) will occur. Figure 11 . "S" depending on the absolute difference of the ratios of the dispersive and polar components. Considering the individual amount of the superimposed components of the surface energy, a good prediction of wetting behavior of a functional fluid on the respective treated textile can be made.
Conclusions
In the course of this investigation, we have developed a methodology for characterization of interactions between a textile substrate coated with various surface active agents and several functional fluids to determine the overall wetting behavior. The development of the methodology described herein has provided us with an improved predictability of surface treatment required for a standard industrial textile to provide it with performance characteristics required for given applications. In contrast, relying on the predictions based on the spreading parameter S only would result in a considerable degree of uncertainly inherent in the formula employed for its calculation. The errors resulting from the use of the spreading parameter alone can be most effectively appreciated by examining the irregularities depicted in Table 8 (vide supra) . Thus, whenever a sufficient uncertainty in the measurements of one of the parameters employed in the calculation of S occurs, the overall value of S proves itself to be an unreliable predictor of wetting behavior. In such cases, neither hydrophilicity nor hydrophobicity are sufficiently pronounced. The results of the current investigation have shown that the most reliable form of interpretation must rely on the examination of the individual dispersive and polar constituents of the both liquid and solid surface energy components.
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